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It is widely recognized that the surface properties of paper depend on the fibrous matrix and the final surface
treatment applied to the paper. Regarding chemical paper surface treatments, an important issue is the evaluation
of the penetration of chemical compounds into the fibrous matrix, as the chemicals can potentially cause
changes in the intrinsic properties of paper. The work presented here aimed to use Fourier transform infrared
(FT-IR) spectroscopy to study paper surface sizing, namely, the penetration of the sizing chemicals into the
paper structure. Two different surface sizing formulations were applied to paper produced from Eucalyptus
globulus bleached pulp (reference paper): both contain 90% (w/w) cationic starch, but one contains 10%
(w/w) poly(styrene-co-maleic anhydride) whereas the other contains 10% (w/w) poly(styrene-co-butyl acrylate).
The surface-sized paper sheets were further manually delaminated, so that the top surfaces as well as the
internal layers could be analyzed by FT-IR spectroscopy. A non-surface-sized sample was taken as the reference.
From the spectroscopic results, it was possible to detect the presence of the copolymers on the paper top
surfaces, despite the application of only small amounts of these chemicals in the surface sizing. However, the
chemicals were not found in the layers closest to the surface (30-40 µm from the top), leading to the conclusion
that the penetration of the sizing formulations into the fibrous matrix was insignificant (at least up to this
distance). Infrared spectroscopy data also showed that the calcium carbonate added as a filler was always
present at higher concentration in the analyzed inner layers than at the top surface, for the reference paper as
well as the sized papers.
Introduction
Papermaking is a complex sequence of physical and chemical
operations aimed at the production of papers that meet the
increasing quality requirements and expectations of costumers.
For the end-use properties of fine papers for printing and writing,
both the internal structure and the surface of the paper sheet
are critical. In fact, these properties influence the performance
of the modern and sophisticated printing devices present in the
market, as well as the subsequent quality of the printed products.
Therefore, physical and chemical paper surface treatments, such
as calendering, coating, and surface sizing, play an important
role and are currently a common practice in industry.1,2
Surface sizing is applied to control some relevant paper
surface properties such as porosity, roughness, and surface
energetics, in order to promote an adequate interaction with inks
and to improve the final printing quality.2-4 Normally, this
operation is performed by the application of cationic starch
alone, but there is an increasing tendency to combine starch
with new synthetic polymers that impart specific properties to
the sizing formulation.4-8 Several important parameters have
to be controlled in surface sizing, such as solid content, viscosity,
and pick-up of the formulation, that affect the distribution of
the formulation at the surface, as well as its degree of penetration
in the paper sheet. This penetration is desirable to some extent,
but if excessive, it can disturb some structural properties of the
paper, namely, the opacity and mechanical resistance.5,9 Thus,
the study of surface sizing, especially regarding the interaction
of the sizing formulations with the base paper, is of utmost
importance, particularly because of the continuous development
of new chemicals.
Different techniques can be used to evaluate surface sizing.
Scanning electron microscopy (SEM), atomic force microscopy
(AFM), and optical profilometry are adequate to study the
distribution of sizing agents over the paper surface and/or their
effect in surface roughness.10-13 The presence of these agents
can also be assessed by electron spectroscopy for chemical
analysis (ESCA) or time-of-flight secondary-ion mass spec-
trometry (ToF-SIMS), among other techniques, whereas their
influence on the surface energetics and the hydrophilic character
of the surface can be evaluated by contact angle measurements
and inverse gas chromatography (IGC).4,10,14-16
Regarding the study of the penetration of sizing agents into
paper, several methods have been applied when starch is used,
namely, iodine staining of paper sheets and acquisition of cross-
sectional images with a light microscope. This method is
considered to be fast and inexpensive, but it gives only
qualitative information on the z distribution of starch throughout
the sheet.17,18 Lipponen and coauthors improved this method
by quantifying the penetration of starch through computational
image analysis.17,19 Recently, ToF-SIMS has been used specif-
ically to locate the cationic starch, as this compound generates
characteristic mass peaks due to the C3H8N+ ion. A mapping
of the cationic starch at the cross section of handsheets was
subsequently obtained. This technique has great potential, as
low detection limits can be achieved.20 Nevertheless, it is
expensive and not yet commonly used in routine analyses.
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The present work aimed at studying the suitability of FT-IR
spectroscopy for evaluating the surface sizing of printing and
writing papers in terms of (i) the identification of the sizing
agents at the surface and (ii) the detection of their eventual
presence in the inner layers of the paper sheet. The final goal
was to determine whether the sizing agents are present only at
the surface or the extent to which they penetrate inside the paper
structure.
FT-IR spectroscopy is a well-known technique that is easy
to operate and relatively fast when compared with the other
techniques for chemical analyses. For this reason, it has been
used in many fields, including papermaking.21-24 However, no
studies are yet available in the open literature regarding the use
of FT-IR spectroscopy in the analysis of paper surface sizing.
An infrared spectrometer can be operated in different ways,
with attenuated total reflection (ATR) spectroscopy being the
most adequate for the analysis of paper sheets. During reflection,
the infrared radiation penetrates a short distance into the sample
before being reflected back. The intensity of the radiation that
penetrates the sample decays exponentially with the distance
from the surface, giving the analysis a very short ability of
penetration. Therefore, ATR is particularly effective for the
analysis of surfaces and most suited for the purposes of this
study.10,22
In this work, three different paper samples from an uncoated
printing and writing paper were tested: the base paper, without
any surface treatment, taken as the reference and two paper
samples that were surface-sized with two different surface sizing
formulations. The paper samples were delaminated, and the top
surface and the new surfaces originated by paper delamination
were analyzed by infrared spectroscopy.
Experimental Section
Paper Sizing. A calendered uncoated printing and writing
base paper produced with a Eucalyptus globulus Kraft pulp
bleached in an elemental chlorine-free (ECF) sequence was
surface-sized with two different formulations containing 90%
(w/w) cationic starch and either 10% (w/w) poly(styrene-co-
maleic anhydride) (S1) or 10% (w/w) poly(styrene-co-butyl
acrylate) (S2), leading to samples RPS1 and RPS2, respectively.
Cationic starch is a polysaccharide of glucose, in which a few
C6 positions have been substituted by 2-hydroxy-3-trimethy-
lammoniumpropyl groups (substitution degree of about 0.03).
An aqueous suspension of cationic starch, provided by the paper
mill, having a solids content of 12.8% and a pH value of 6.7
was used. It should be mentioned that this suspension includes
other process additives used in industry, such as an optical
brightener (OBA) and salt. The copolymers are based on styrene
monomers and have in their structure cyclic (lactone) or aliphatic
ester bonds. Suspensions of poly(styrene-co-maleic anhydride)
and poly(styrene-co-butyl acrylate) having solids contents of
14.6% and 7.6% and pH values of 3.7 and 2.8, respectively,
were used.
A sample of the base paper without any surface treatment
was taken as the reference (sample RP). This reference sample
was characterized in terms of the average thickness (107 µm),
bulk (1.33 cm3/g), and mercury intrusion porosity (54%).
Because this paper was produced in an industrial paper machine,
it also contained filler (precipitated calcium carbonate, PCC)
and internal sizing agents, as well as retention aids, brightening
agents, and other minor additives.
The surface sizing formulations were applied using a Mathis
laboratory coating device, SVA-IR-B, which operates automati-
cally. A 0.15-mm applicator roll was used, and its velocity was
adjusted to 6 m/min. The drying process was performed in two
steps: first with an IR drier coupled to the applicator roll using
a 1.0 kW drying intensity, followed by air drying for at least
10 min. The total surface sizing pick-up was 3.5 ( 0.3 g/m2.
The surface-sized samples were no further calendered.
Delamination Procedure. The delamination of the paper
sheets in different layers was performed as follows: (1) Each
sample (RP, RPS1, and RPS2) was coated with a 125-µm-
thickness sheet of plastic on both sides using a Leitz PH 9 Photo
Laminator A4 device. (2) The paper sheet was subsequently
divided into two layers, originating two new surfaces, 1A and
1B (where A and B correspond to the “above” and “below”
surfaces, respectively). (3) Steps 1 and 2 were repeated for the
upper layer, again originating two new surfaces, 2A and 2B.
(4) Finally, the same procedure was repeated to generate surfaces
3A and 3B. This procedure is schematically detailed in Figure
1. The original top-side paper surface and surface 3A (the closest
to the paper surface, ∼30-40 µm deep) were analyzed by FT-
IR spectroscopy. Because of the results obtained with surface
3A, presented in the next section, the infrared analysis of
surfaces 1A and 2A was not found to be necessary. This
technique was also used for the chemical analysis of the surface
sizing agents.
FT-IR Measurements. The FT-IR spectra were obtained
using a JASCO FT/IR 460 Plus spectrometer equipped with an
ATR cell from PIKE Technologies and operating with a
resolution of 1 cm-1, 400 scans, and a signal gain of 8. The
crystal used in the ATR cell was diamond with a refractive index
of 2.4. Incident radiation at an angle of 45° was applied.
Results and Discussion
As mentioned before, FT-IR-ATR spectra of the top surface
and surface 3A of the surface-sized samples (RPS1 and RPS2)
were measured and compared with those of a paper sample
without any surface treatment (RP). Because the objective of
this study was to evaluate the penetration of the surface sizing
formulations, the FT-IR spectra of the surface sizing agents are
presented and discussed first.
Infrared Spectra of the Surface Sizing Agents. The infrared
spectra of poly(styrene-co-maleic anhydride), cationic starch,
and formulation S1 [containing 10% (w/w) poly(styrene-co-
maleic anhydride) and 90% cationic starch] are displayed in
Figure 2. All of the spectra were truncated at 1800 cm-1, in
order to emphasize the details of the fingerprint region. As can
be seen, the most intense bands of poly(styrene-co-maleic
anhydride) are at 1715 (b1), 759 (b3) and 699 (b4) cm-1. The
band at 1715 cm-1 (b1) comes from CdO stretching, and bands
b3 and b4 are from the CsH out-of-plane bending vibrations
of monosubstituted benzene (band b4 might also arise from
maleic anhydride ring bending).25-27 In the cationic starch
spectrum, the most significant bands appear at 1148, 1076 (b2),
995, 933, 851, and 758 (b3) cm-1. The bands at 1076, 851, and
758 cm-1 are attributed to C1sH bending, CH2 deformation,
and CsC stretching, respectively. The other bands are due to
Figure 1. Schematic representation of the paper delamination process.
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the C-O stretching vibrations.28,29 It should be noted that,
because the substitution degree of cationic starch is low, the
corresponding FT-IR spectrum resembles that of starch.29 As
for the resultant mixture used in surface sizing formulation S1,
the infrared spectrum exhibits the most significant bands at 1712
(b1), 1148, 1076 (b2), 995, 931, 848, 759 (b3), and 702 (b4)
cm-1: bands b1 and b4 are due to copolymer, band b2 is due to
cationic starch, and band b3 has a contribution of both the
copolymer and the cationic starch molecules. The other bands
present in the mixture correspond mostly to molecular vibrations
inside the structure of the polysaccharide, i.e., cationic starch,
according of the predominance of this compound in the surface
sizing formulation.
The FT-IR spectrum of poly(styrene-co-butyl acrylate),
presented in Figure 3, is slightly different from that of
poly(styrene-co-maleic anhydride), as it exhibits an intense band
at 1146 cm-1 (due to the CsO stretching of butyl acrylate).
However, the spectrum of the corresponding mixture with
cationic starch (formulation S2) is similar to that of formulation
S1. This is a consequence of the fact that the most important
bands detected in the formulations and not attributed to the
starch molecule are common in the structures of the two
copolymers. Therefore, similar considerations regarding the
analysis of the spectra of the mixtures can be made.
Hereafter, only the spectra of copolymer/starch formulations
S1 and S2, which were actually used for the paper surface sizing,
each representing the sum of different chemical components,
are considered in the discussion.
Infrared Spectra of the Top Surface. The infrared spectra
of the top-side surfaces of the various papers investigated (RP,
RPS1, and RPS2) are presented in Figure 4, together with the
spectra of the cationic starch/copolymer mixtures. The most
relevant bands are listed in Table 1.
Reference Paper. The absorption frequencies observed in
the infrared spectrum of the standard paper surface (taken as a
reference, RP) are, most certainly, a result of the molecular
vibrations summarized in Table 1. In the fingerprint region, a
broad band centered at about 1425 cm-1 is detected, which is
partially due to the asymmetric stretching CO3 vibration (ν3),
characteristic of calcium carbonate (1432 cm-1).30 Two other
bands are observed at 871 and 710 cm-1 (shoulder). These bands
can be attributed to the out-of-phase CO3 bending vibration (ν2)
and the in-plane CO2 bending vibration (ν4), respectively, of
calcium carbonate.30 In addition, strong bands arising from the
antisymmetric bridge stretching of CsOsC groups at 1160
cm-1 and CsO stretching in cellulose/hemicellulose molecules
at 1104 and 1028 cm-1 are observed.31 The strongest band
observed in the spectrum at 1028 cm-1 is accompanied by two
characteristic peaks at 1051 and 1002 cm-1.
Sized Papers. For the paper sized with cationic starch and
poly(styrene-co-maleic anhydride) (RPS1), the infrared spectrum
Figure 2. FT-IR spectra of poly(styrene-co-maleic anhydride), cationic
starch, and the poly(styrene-co-maleic anhydride)/cationic starch (10/90)
formulation.
Figure 3. FT-IR spectra of poly(styrene-co-butyl acrylate), cationic starch,
and the poly(styrene-co-butyl acrylate)/cationic starch (10/90) formulation.
Figure 4. FT-IR spectra of the paper surface without sizing (RP) and with
sizing (RPS1 and RPS2) and of the corresponding formulations used in the
surface sizing.
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in Figure 4 shows a few absorption bands not present in the
spectrum of the reference paper (RP): one weak band at about
1715 cm-1 (b1) and three bands of medium intensity at 1077
(b2), 759 (b3), and 700 (b4) cm-1. The similarity between the
positions (and shapes) of these bands and those observed in
the spectrum of cationic starch/copolymer mixtures leads to the
conclusion that the surface sizing agents are present at the
surface of the paper. In addition, the band from CsOsC
antisymmetric stretching observed at 1151 cm-1 and the
spectrum’s strongest band centered at 1017 cm-1 are, when
compared with those of the RP spectrum, slightly shifted to
lower wavenumbers (by ∼10 cm-1).
There are also differences between the infrared spectra of
the reference paper surface (RP) and that of the paper surface-
sized with cationic starch and poly(styrene-co-butyl acrylate)
(RPS2) (Figure 4). However, these differences are not as
pronounced as those detected for the paper sample treated with
cationic starch and poly(styrene-co-maleic anhydride). The new
bands, not found in sample RP (Table 1), are at 1726 (b1), 1075
(b2), 756 (b3), and 698 (b4) cm-1. As before, the band due to
the CsOsC stretching and that near 1030 cm-1 are again
slightly shifted to lower wavenumbers, appearing at 1154 and
1019 cm-1, respectively. Thus, for RPS2, the surface sizing
agents are also observed at the surface of the paper.
Surface 3A Infrared Spectra. As mentioned before, one of
the objectives of this study was to evaluate, using FT-IR
spectroscopy, whether the surface sizing formulations applied
at the paper surface penetrate inside the paper sheet. Toward
that end, the spectra of the top surface and of surface 3A
(obtained after delaminating the paper sheet as described above)
were compared for samples RPS1 and RPS2. The same analysis
was also performed with sample RP as it corresponds to the
reference paper.
Reference Paper. For the reference paper, the spectra of
surface 3A and the top surface are depicted in Figure 5. It should
be pointed out that surface 3A is approximately 30 µm distant
from the top surface. A comparison of the two spectra shows
that they are identical in terms of the numbers and positions of
the bands. However, there is an increase to around twice the
intensity of the band at 871 cm-1, confirming the much higher
amount of calcium carbonate inside the paper sheet.
Sized Papers. The FT-IR spectrum of surface 3A for the
paper treated with suspension S1 (RPS1) is plotted in Figure 6,
together with that of the corresponding paper top surface. From
these spectra, it is clear that bands corresponding to formulation
S1 [and resulting from poly(styrene-co-maleic anhydride and/
or cationic starch] are not present in the spectrum of surface
3A. Moreover, the spectrum of this surface (about 40 µm distant
from the top) is very similar to that of surface 3A of the
reference paper (Figure 5), including the band due to calcium
carbonate. This band is also of higher intensity than the
analogous band at the top surface (as expected, considering the
aforementioned results for the reference paper).
The same conclusions can be drawn for sample RPS2 [sized
with cationic starch/poly(styrene-co-butyl acrylate)], when
comparing the infrared spectrum of surface 3A, located at a
distance of approximately 35 µm from the top, with that of the
paper top surface (Figure 7). It should be pointed out that
surfaces 3A were not always located exactly at the same distance
from the top surface because the paper delaminating procedure
was performed manually.
From the results obtained, it is legitimate to conclude that
none of the compounds used in this work for paper surface sizing
penetrate into the paper matrix, at least for depths superior to
30 µm. Accordingly, in the present study, surfaces 1A and 2A
(Figure 1), located closer to the top surface, were not analyzed
further. Regarding cationic starch, the very low penetration is
in agreement with that detected by ToF-SIMS for a base paper
with a high degree of internal sizing.20 For the penetration of
poly(styrene-co-maleic anhydride) and poly(styrene-co-butyl
acrylate), no results were found in the open literature for
comparison.
Conclusions
The use of surface sizing agents represents a valuable
approach to modifying the surface properties of paper (including
Table 1. Infrared Absorption Data for the Paper Surface of the Different Samples (cm-1)a
surface RP surface RPS1 surface RPS2 band assignment
1713 (w) 1726 (w) b1 (CdO)
1425 (s, b) 1369 (s, b) 1368 (s, b) ν3(CO3)
1160 (s) 1151 (s) 1154 (s) νas(CsOsC)
1104 (s) 1103 (m) 1103 (m) ν(CsO)
1077 (m) 1075 (m) b2 (C1sH bending)
1028(vs)/1051 1017 (vs)/1048 (sh) 1019(vs)/1049(sh) ν(CsO)
1002/∼985 (sh) 999 999
897 (m) 898 (w) 896 (w) C1sH bending
871 (s) 870 (m) 870 (m) ν2(CO3)
759 (m) 756 (w) b3 (CsH out-of-plane bending)
710 (sh) ν4(CO3)
700 (m) 698 (m) b4 (CsH out-of-plane bending)
a vs, very strong; s, strong; m, medium; w, weak; sh, shoulder; b, broad; as, asymmetric.
Figure 5. FT-IR spectra of the top surface and surface 3A for reference
paper (RP).
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porosity, roughness, and surface energetics) in order to improve
printability. However, excessive penetration of these agents into
the fibrous matrix is not desirable because they can reduce the
strength properties of the paper, as well as its opacity. A
technique that can provide information on the extent of
penetration of the surface sizing agents into the paper structure
is therefore most helpful in controlling the process of paper
sizing.
In the present work, two surface sizing formulations were
applied to reference paper sheets, and their penetration was
evaluated by subsequent delamination and FT-IR-ATR analysis
of the top surface layer and the delaminated layer closest to the
surface. New characteristic infrared bands appearing at the
surface of the sized paper, not found for the reference sheet,
revealed unambiguously the presence of the chemicals used in
the surface treatment. Nevertheless, surface sizing agents could
not be detected by infrared spectroscopy at the inner layers
closest to the surface (located between 30% and 40% from the
surface), and their absence (at least according to the sensitivity
of the FT-IR spectrometer) suggests an insignificant penetration
of the surface sizing agents into the paper matrix. Furthermore,
for the inner layers analyzed by FT-IR spectroscopy, it was
found that calcium carbonate was always present at higher
concentration than at the top surface.
In this work, it was shown that Fourier transform infrared
spectroscopy in attenuated total reflection mode can be used to
study the deposition of surface sizing agents onto paper sheets
and to follow the presence of these agents along the thickness
of the paper sheet. This finding is of great importance because
this technique is easy to use and is able to detect sizing agents
present in very low amounts.
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